Citation: Wanek J, Teng P-Y, Blair NP, Shahidi M. Inner retinal oxygen delivery and metabolism under normoxia and hypoxia in rat. Invest Ophthalmol Vis Sci. 2013;54:5012-5019. DOI: 10.1167/iovs.13-11887 PURPOSE. Retinal hypoxia is a common pathological condition usually caused by ischemia that may result in alterations in oxidative energy metabolism. We report measurements of oxygen delivery by the retinal circulation (DO 2_IR ) and inner retinal oxygen metabolism (MO 2_IR ) under systemic normoxia and hypoxia in rat.
T he retina requires a continuous and well-regulated supply of oxygen from the retinal and choroidal circulations to meet its high metabolic demand. Impaired oxygen delivery by the retinal circulation can adversely affect oxygen metabolism and lead to loss of visual function. In fact, abnormalities in retinal oxygenation are believed to contribute to the development of several eye diseases, including glaucoma, diabetic retinopathy, retinal vascular occlusion, and retinopathy of prematurity. [1] [2] [3] [4] Therefore, evaluation of the retinal circulation's capacity to meet the oxygen demand of the retinal tissue under physiological and pathological conditions is important.
Oxygen delivery by the retinal circulation (DO 2_IR ) has been reported in limited studies of newborn animals using combined measurements of retinal blood flow by a radioactive microsphere technique and arterial oxygen content by sampling of arterial blood. 5, 6 More commonly, retinal blood flow, an indicator of DO 2_IR , has been measured in humans and animals using various techniques, such as Doppler velocimetry, [7] [8] [9] [10] [11] Doppler optical coherence tomography (OCT), [12] [13] [14] [15] [16] [17] laser speckle, 18, 19 microsphere impaction, 20, 21 cell labeling, [22] [23] [24] and particle tracking. 25, 26 However, because DO 2_IR is the product of retinal blood flow and arterial blood oxygen content, quantitative measurement of blood flow alone provides only partial information about oxygen delivery to the retina.
Inner retinal oxygen metabolism (MO 2_IR ) has been previously measured locally in animals using oxygen-sensitive microelectrodes, 27 although three-dimensional oxygen gradients from the retinal microvasculature may have influenced the measurements. To circumvent this problem, MO 2_IR has been estimated under experimental conditions of retinal vascular occlusion and 100% oxygen inspiration. [28] [29] [30] Alternatively, MO 2_IR has been determined globally based on Fick's principle, by directly sampling the oxygen content of arterial and venous blood and measuring blood flow with labeled microspheres, 31, 32 as well as using phosphorescence lifetime and fluorescent microsphere imaging techniques. 33 In humans, MO 2_IR has been derived by oximetry combined with measurements of blood flow using the laser Doppler technique 34, 35 or mean circulation time using fluorescein angiography. 36 Retinal hypoxia is a common pathological condition usually caused by ischemia 28, 37 that occurs in several major retinal diseases and may lead to derangements in oxidative energy metabolism. Despite an abundance of studies that describe the response of retinal blood flow to hypoxia, 5, [38] [39] [40] [41] [42] there are limited data on DO 2_IR and MO 2_IR under conditions of reduced oxygen availability. 5, 36 The purpose of this study was to report measurements of DO 2_IR and MO 2_IR under normoxia and systemic hypoxia in rats using combined oxygen tension and blood flow imaging.
METHODS Animals
Thirty-four Long Evans pigmented rats (weight: 390 6 72 g, age: 12 6 3 weeks, mean 6 SD) were used in the study. The rats were treated in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. The rats were anesthetized with intraperitoneal injections of ketamine (100 mg/kg) and xylazine (5 mg/kg). Additional injections of ketamine (20 mg/kg) and xylazine (1 mg/kg) were given to maintain anesthesia as required. Rats were mechanically ventilated with three fractions of inspired oxygen (FiO 2 ), either room air (21% oxygen, normoxia), 15% oxygen (moderate hypoxia), or 10% oxygen (severe hypoxia), with the use of an endotracheal tube connected to a small animal ventilator (Harvard Apparatus, Inc., South Natick, MA). Ventilation with 10% O 2 was selected based on a previously published study, 43 which indicated that this oxygen level produced a maximum or near maximum hypoxic challenge, as evidenced by a significant increase in the retinal oxygen extraction fraction and impairment in the systemic physiological condition. Ventilation with 15% O 2 was selected because it represented an intermediate hypoxic challenge between severe hypoxia and normoxia. Rats were ventilated with reduced FiO 2 gas mixtures 15 minutes before and continuously during imaging for a duration of 1 to 2 hours. To monitor the animal's physiological condition, the femoral artery was cannulated and a catheter was attached to draw blood and connect a pressure transducer. Systemic arterial oxygen tension (P a O 2 ), carbon dioxide tension (P a CO 2 ), and pH were measured with a blood gas analyzer (Radiometer, Westlake, OH), 5 to 10 minutes after initiation of ventilation. Ventilation parameters, including the respiratory rate and minute volume, were adjusted until the P a CO 2 was within the normocapnic range. 44 Hemoglobin concentration (HgB) was also measured with a hematology system (Siemens, Tarrytown, NY) from arterial blood. Blood pressure (BP) and heart rate (HR) were monitored continuously with a data acquisition system (Biopac Systems, Goleta, CA) linked to the pressure transducer.
Before imaging, the rat was placed in an animal holder with a copper tubing water heater, which maintained the body temperature at 378C. The pupils were dilated with 2.5% phenylephrine and 1% tropicamide. A glass cover slip with 1% hydroxypropyl methylcellulose was applied to the cornea to eliminate its refractive power and prevent dehydration. For retinal vascular oxygen tension (PO 2 ) imaging, an oxygensensitive molecular probe, Pd-porphine (Frontier Scientific, Logan, UT), was dissolved (12 mg/mL) in BSA solution (60 mg/ mL) and administered through the femoral arterial catheter (20 mg/kg). For retinal blood velocity imaging, 2-lm polystyrene fluorescent microspheres (Invitrogen, Grand Island, NY) were injected through the catheter. Typically, three to four injections of the microspheres were given and each injection was approximately 0.3 mL (10 5 microspheres/mL). One eye of each rat was imaged and data were obtained in 10, 14, and 10 rats under normoxia, moderate hypoxia, and severe hypoxia, respectively.
Retinal Vascular PO 2 Imaging
Retinal vascular PO 2 was measured using our established optical section phosphorescence lifetime imaging system. 45, 46 A laser line was projected on the retina after intravenous injection of the Pd-porphine probe and an optical section phosphorescence image was acquired with an intensified charge-coupled device camera. Due to the angle between the excitation laser and imaging path, phosphorescence emissions from the retinal vessels were depth-resolved from the underlying choroid. Phosphorescence lifetimes in the retinal vessels were determined using a frequency-domain approach and converted to PO 2 measurements using the Stern-Volmer equation. 47, 48 PO 2 was measured in all major retinal arteries (PO 2A ) and retinal veins (PO 2V ), at locations within three optic disc diameters (~600 lm) from the edge of the optic nerve head. Three repeated PO 2 measurements were averaged per blood vessel.
Blood Flow Imaging
Our previously described prototype blood flow imaging system 33 was used for red-free and fluorescent microsphere imaging to assess venous blood vessel diameter and velocity, respectively. A slit lamp biomicroscope with standard light illumination (Carl Zeiss, Oberkochen, Germany) was equipped with a green filter (540 6 5 nm; Edmund Optics, Barrington, NJ) for red-free retinal imaging, and a 488-nm diode laser (excitation; Melles Griot, Carlsbad, CA), coupled with an emission filter (560 6 60 nm; Spectrotech, Inc., Saugus, MA) for fluorescent microsphere imaging. Images were captured with a high-speed electron multiplier charge coupled device camera (QImaging, Surrey, Canada). Red-free retinal images were obtained using the full resolution of the camera (1002 3 1004 pixels). For fluorescent images, the camera sensor was binned to maximize the frame rate to 108 Hz, allowing the motion of the microspheres to be resolved in time, but with lower spatial resolution (248 3 250 pixels). Multiple image sequences, each 5 seconds in duration, were recorded over several minutes.
Venous diameter (D) was measured from red-free images over a fixed vessel length (200 lm) that spanned between approximately 300 and 500 lm from the center of the optic disk. Diameter measurements were obtained based on the average full width at half maximum of 12 intensity profiles perpendicular to the blood vessel axis. Venous blood velocity (V) was measured by manually tracking displacements of the microspheres over time, following our previously reported methodology. 33 Typically, three to five image sequences were analyzed to derive V, which was determined by averaging 27 6 8 microsphere velocity measurements in each vein. The number of velocity measurements was contingent on the number of microspheres that could be visualized in the image sequences. Blood flow in each major vein was calculated from V and D measurements (V*p*D 2 /4) and summed over all veins to provide a measure of the total blood flow in the retinal circulation (F). Blood flow was measured in veins because they are less affected by pulsation and have larger diameters as compared with arteries. Measurements of F were obtained approximately 15 minutes following PO 2 imaging, while the physiological state of the animals was relatively stable, as indicated by the continuous monitoring of BP, HR, and the use of constant ventilation parameters.
Oxygen Delivery and Metabolism
The O 2 content of blood was calculated for each major retinal artery and vein as the sum of oxygen bound to hemoglobin and dissolved in blood 49 : O 2 content ¼ SO 2 *C*HgB þ PO 2 *k, where SO 2 is the oxygen saturation, C is maximum oxygen-carrying capacity of hemoglobin (1.39 mL O 2 /g), 44 HgB is the measured hemoglobin concentration, PO 2 is the measured vascular oxygen tension, and k is the oxygen solubility in blood (0.003 mL O 2 /dLÁmm Hg). 50 SO 2 was calculated from the hemoglobin dissociation curve in rat 51 by using the measured PO 2 
MO 2_IR was calculated from measurements of F and the arteriovenous oxygen content difference (O 2AÀV ), using Fick's principle 52 :
Data Analysis
Measurements obtained under normoxia, moderate hypoxia, and severe hypoxia were compared using one-way ANOVA. Linear regression analysis was also performed, demonstrating that PO 2A , PO 2V , O 2A , O 2V , V, F, DO 2_IR , and MO 2_IR were significantly related to BP (P < 0.004; n ¼ 34), while D and O 2AÀV , were not (P ‡ 0.2). Therefore, to adjust for this source of variability, BP was used as a covariate in a one-way analysis of covariance (ANCOVA). Post hoc analyses using Tukey's method were performed to determine statistically significant pairwise differences. All statistical analyses were performed using Systat (Systat Software, Inc., Chicago, IL) and SAS software (SAS Institute, Inc., Cary, NC). Statistical significance was accepted at P less than 0.05.
RESULTS
The systemic physiological status of the rats is summarized according to FiO 2 condition in 
An example of a red-free retinal image obtained in one rat under normoxia, displaying major retinal arteries and veins, is shown in Figure 2 . Measurements of D, V, and blood flow were obtained in each vein, and the average D and V and the summed total retinal blood flow (F) were calculated. Mean values of D, V, and F compiled from measurements in all rats are summarized according to FiO 2 condition in Table 3 . Measurements of D were similar (P ¼ 0.5), whereas measurements of V and F were significantly different among FiO 2 conditions, with and without adjustment for BP (P 0.03). V was significantly higher under moderate hypoxia as compared with normoxia (P ¼ 0.003). F was significantly higher under both moderate and severe hypoxia as compared with normoxia (P 0.03), but not statistically different between moderate and severe hypoxia (P ¼ 0.5).
Mean values of DO 2_IR and MO 2_IR according to FiO 2 condition are shown in Figure 3A . DO 2_IR and MO 2_IR were significantly different among FiO 2 conditions, with and without adjustment for BP (P 0.002). There was a significant effect of BP on DO 2_IR (P < 0.001), but not on MO 2_IR (P ¼ 0.3). DO 2_IR under normoxia (941 6 231 nL O 2 /min) and moderate hypoxia (781 6 186 nL O 2 /min) were similar (P ¼ 0.7). Under severe hypoxia, DO 2_IR (313 6 189 nL O 2 /min) was significantly lower than under normoxia and moderate hypoxia (P < 0.001). Likewise, MO 2_IR under normoxia (516 6 175 nL O 2 /min) and moderate hypoxia (377 6 125 nL O 2 /min) were similar (P ¼ 0.1). Under severe hypoxia, MO 2_IR (182 6 115 nL O 2 /min) was significantly lower than under normoxia and moderate hypoxia (P 0.02).
Following Equations 1 and 2, the determinants of DO 2_IR and MO 2_IR are plotted according to FiO 2 condition in Figures  3B, 3C , respectively. Under moderate hypoxia, DO 2_IR and MO 2_IR approximated normoxic levels because the reduction in O 2A and O 2AÀV , respectively, was compensated by the increase in F. Under severe hypoxia, DO 2_IR was significantly reduced as compared with moderate hypoxia, owing to a further reduction in O 2A without an additional compensatory increase in F, presumably due to maximized blood flow compensation. MO 2_IR was also significantly reduced under severe hypoxia as compared with moderate hypoxia due to the combined trends of F and O 2AÀV , even though no significant changes were found in these two parameters individually.
DISCUSSION
Assessment of inner retinal oxygen delivery and metabolism is important for evaluating alterations in retinal metabolic function under hypoxic conditions. In the present study, measurements of DO 2_IR and MO 2_IR were reported for the first Inner Retinal Oxygen Delivery and Metabolism IOVS j July 2013 j Vol. 54 j No. 7 j 5014 time in rats and a significant reduction in these parameters was established in response to severe systemic hypoxia. Hypoxia was induced in rats with controlled ventilation of gases with variable oxygen content. The P a CO 2 and pH levels were significantly altered, but remained close to their normal ranges due to controlled ventilation parameters. Decreased FiO 2 also resulted in reduced levels of P a O 2 and BP, consistent with previously published studies in hypoxic animals. 38, 53, 54 ANCOVA was used to differentiate the effects of FiO 2 and BP, assuming a linear relationship between the measured parameters and the covariate (BP). Although this assumption is not entirely valid, particularly in the presence of autoregulation, highly significant linear regressions of the parameters with BP were determined. Accordingly, using BP as a covariate in ANCOVA allowed elimination of a substantial component of the variability so as to better isolate the effect of FiO 2 .
In the current study, measurements obtained under normoxia corresponded with previously published data. Mean PO 2A measurements (44 mm Hg) were in general agreement with previously reported values obtained with microelectrodes near the surface of retinal arteries in rats (32 mm Hg), 55 pigs (37 mm Hg), 56 miniature pigs (47 mm Hg), 57 and cats (56 mm Hg). 58 Mean PO 2V measurements (26 mm Hg) were also comparable to measurements recorded near retinal veins in rats (19 mm Hg). 55 Mean D measurements (51 lm) were similar to values obtained by in vivo fundus imaging (45 lm) 59 and a corrosion cast technique (53 lm). 60 Similarly, mean V measurements (11.8 mm/s) were in general agreement with previously reported measurements using labeled red blood cells (15.5 and 17.4 mm/s), 24, 22 and smaller than a value obtained from microsphere tracking (34.9 mm/s). 25 Although the accuracy of our V measurements may have been limited due to the distribution of velocities that occur with laminar flow, by averaging velocities of multiple microspheres in each blood vessel, this effect was minimized. Mean F measurements (7.9 lL/min) were also similar to values reported using Doppler OCT (6.4 lL/min) 15 and a fluorescent microsphere impaction technique (11.6 lL/min).
61
To compare DO 2_IR and MO 2_IR measurements with other published studies, these values were converted to per-unit mass, assuming a retinal mass of 16 mg in rat 62, 63 and an inner retinal volume of 50%. DO 2_IR was estimated to be 11.8 mLO 2 / min*100 g, higher than 5.6 mL O 2 /min*100 g reported in newborn lambs. 5 MO 2_IR was calculated to be 6.5 mL O 2 / min*100 g, slightly higher than values reported in pigs (4.6 and 3.8 mL O 2 /min*100 g), 31 ,32 cats (3.7 mL O 2 /min*100 g), 28 and rats (2.7 mL O 2 /min*100 g), 30 and lower than whole retinal consumption values determined in humans (9.7 and 8.3 mL O 2 /100 mL tissue*100 g). 64 ,65 These differences may be attributed to the assumed mass and volume of the inner retinal tissue, as well as dissimilarities in methodologies, species, or ages. Another factor that may have affected our estimation of MO 2_IR was calculation of O 2V from the oxygen dissociation curve using the measured arterial blood pH. Because blood pH tends to be lower in veins as compared with arteries, 66 the actual O 2V was probably lower due to a right shift of the oxygen dissociation curve. Therefore, the actual MO 2_IR was likely slightly higher than the reported value in the current study.
In response to moderate systemic hypoxia and the consequent reduction in retinal vascular PO 2 , F increased significantly due to blood flow compensation for the reduced oxygen availability. This finding is consistent with previously reported retinal blood flow increases in humans, 42 monkeys, 38 cats, 41, 67 and newborn lambs 5 during acute systemic hypoxia. The increase in F was predominately due to an increase in V, as a significant change in D was not detected. In accord with our findings, blood velocity has been previously reported to increase under hypoxia, 42, 67, 68 presumably due to an overall reduction in flow resistance resulting from vasodilation in the retinal microvascular network. Although previous studies have reported dilation of major retinal vessels in response to hypoxia in cats, 67 monkeys, 38 and humans, 69 the relatively large interanimal variability of D likely precluded detection of a statistically significant change in the current study. Under severe hypoxia, F did not increase further as compared with moderate hypoxia, suggesting blood flow compensation was near or at its full capacity.
Alterations in DO 2_IR under systemic hypoxia resulted from the opposing effects of the reduced oxygen content of blood and the compensatory increase in blood flow. Under moderate hypoxia, DO 2_IR remained relatively stable because the increase in blood flow counteracted the reduction in oxygen availability. This finding is consistent with the previously reported constant DO 2_IR values in lambs 5 and relatively unchanged inner retinal tissue PO 2 in cats during acute hypoxia. 70 Under severe hypoxia, the significant decrease in DO 2_IR was attributed to a further reduction of available oxygen, without an increase in blood flow, suggesting maximized blood flow compensation capacity under this extreme level of hypoxia.
In the current study, MO 2_IR measurements were reported for the first time under hypoxia. Under moderate hypoxia, MO 2_IR remained relatively unchanged as compared with normoxia, because DO 2_IR did not decline significantly. This finding is in agreement with previously reported steady levels of cerebral oxygen metabolism in rats during moderate levels of hypoxia. 71 However, under severe hypoxia, MO 2_IR was significantly reduced due to a considerable decrease in DO 2_IR . In fact, a reduction in MO 2_IR was inevitable because DO 2_IR FIGURE 2. An example of a red-free retinal image displaying six major retinal arteries (a) and veins (v) in a rat under normoxia. The outlined edges of the retinal veins (red lines) were identified from multiplediameter measurements over a fixed vessel span at a defined distance from the center of the optic nerve head, as delineated by green circles. fell below the normoxic MO 2_IR level. Consequently, it was impossible to maintain some energy-requiring processes, which may lead to reduced retinal function and viability. The severe hypoxic condition investigated in the current study may have initiated metabolic cascades resulting in retinal injury. For example, the expressions of HIF-1a and VEGF in ex vivo retinal tissue of rodents have been shown to increase under short-term hypoxia and ischemia. 72, 73 Therefore, it is likely these hypoxic and angiogenic factors would have become elevated in the retinal tissue following severe hypoxia. Furthermore, the observed reduction in MO 2_IR under severe hypoxia may have initiated cell apoptosis, as previously demonstrated by elevated levels of proapoptotic markers (Bax and caspase 3) in rats following an ischemic insult. 74, 75 The findings of the current study may have relevance to retinal ischemic conditions associated with hypoxia. For example, in diabetic retinopathy, capillary nonperfusion in localized retinal regions is known to result in reduced DO 2_IR , tissue hypoxia, and presumably impaired MO 2_IR . The status of the retinal tissue under the severe hypoxic condition in the current study likely bears similarities to ischemic retina in diabetic retinopathy and vascular occlusions. Future studies are needed to investigate the presence and degree of alterations in DO 2_IR and MO 2_IR in animal models of retinal ischemia.
In summary, combined measurements of inner retinal oxygen delivery and metabolism were reported for the first time in rats under systemic normoxia and graded levels of hypoxia. Blood flow compensation for the reduced oxygen availability maintained inner retinal oxygen delivery and metabolism during moderate hypoxia, but not under severe hypoxia. Future studies with more incremental levels of inspired oxygen are needed to determine the minimum level of oxygen delivery that is required to maintain normal retinal energy metabolism. Because hypoxia is a major consequence of retinal ischemia, findings from such studies will further elucidate the pathophysiology of the retinal ischemic conditions commonly encountered in clinical settings.
